1. Introduction {#sec1}
===============

Pregnancy and postpartum period are crucial periods for a woman\'s life where many physiological changes take place, especially at the hormone levels. Several neurotransmitter systems, such as the GABAergic system, are particularly subject to such hormonal fluctuations, undergoing, in response, dramatic functional changes. It is well established that the neurotransmitter *γ*-aminobutyric acid (GABA), acting at the GABAA receptor (GABAAR), mediates its main inhibitory effect through the so-called "fast" inhibitory synaptic transmission in the mammalian central nervous system (CNS) leading to a profound influence on mood and behavior. Synaptic and nonsynaptic GABAARs are pentameric ionotropic complexes mainly formed by *α*, *β*, and another type of subunit (including *γ*, *δ*, or *ε*), with a common proportion stoichiometry of 2 : 2 : 1, respectively \[[@B1]\]. As widely reported, *α* and *β* subunits are currently present in all different receptor compositions; the *γ* subunit is mainly associated with GABAAR expressed in the synaptic compartment (or extrasynaptic compartment when associated with the *α*5 subunit), while *δ* is associated with receptors present at extrasynaptic level \[[@B2]--[@B4]\].

The synaptic receptors mediate the "phasic" component of GABAergic inhibition, while the extrasynaptic receptors mediate a sustained "tonic" form of inhibition and thereby play a key role in brain excitability in both physiological and pathological states \[[@B5], [@B6]\]. Pharmacological studies and analyses in knockout mice have shown that these receptors not only are important for mediating tonic current \[[@B7]--[@B12]\], but also represent physiological targets of neuroactive steroids, possess a high affinity for GABA, and are characterized by an extremely slow rate of desensitization \[[@B13], [@B14]\]. Neuroactive steroids, in a concentration range thought to be present in the extracellular space under physiological conditions, such as during pregnancy and postpartum period, selectively enhance the magnitude of tonic inhibition mediated by *δ* subunit-containing GABAARs, resulting in a decrease in network excitability \[[@B8]\]. 3*α*,5*α*-THP (3*α*-hydroxy-5*α*-pregnan-20-one, allopregnanolone) is one of the most studied neuroactive steroids, a pregnane neurosteroid metabolite of its precursor progesterone, generated by the sequential actions of two different enzymes, 5*α*-reductase and 3*α*-hydroxysteroid dehydrogenase \[[@B15], [@B16]\]. Due to its potent positive action exerted at GABAARs, 3*α*,5*α*-THP is among the most important endogenous positive allosteric modulators of both synaptic and extrasynaptic GABAARs \[[@B17]\]. Its mechanism of action consists in prolongation of the opening time of the chloride ion channel associated with GABAARs resulting in increased inhibitory neurotransmission \[[@B18], [@B19]\].

For years, several research groups have directed their studies on the effects of neuroactive steroid fluctuations during fundamental time window in female rodents such as menstrual cycle, pregnancy, and postpartum period and the consequent changes in blood and brain concentrations of neuroactive steroids that can strongly affect the expression and function of specific GABAAR subunits \[[@B20]\]. In this review article, we summarize a series of findings that emerged from our and other research groups related to the differential changes in the expression and function of both synaptic and extrasynaptic GABAARs in the rat hippocampus during pregnancy and after delivery.

2. Neuroactive Steroids and Pregnancy {#sec2}
=====================================

In both menstrual cycle and pregnancy, the corpus luteum and the placenta, respectively, are implicated in the production of progesterone essential to maintain healthy pregnancy. Both progesterone and some of its metabolites are also increased in pregnant women \[[@B21], [@B22]\]. In addition, the activity of the enzymes responsible for the synthesis of 3*α*,5*α*-THP is increased in maternal as well as fetal tissue \[[@B23], [@B24]\], suggesting that both production and metabolism of these compounds appear to be fundamental during pregnancy.

We have shown that brain and plasma concentrations of progesterone and 3*α*,5*α*-THP are increased in pregnant rats, returning to basal values (present during the estrus phase of the menstrual cycle) immediately before delivery; values remain unchanged during the postpartum period \[[@B25]\]. Brain levels of 3*α*,5*α*-THP detected during pregnancy are mostly derived from circulating progesterone, although the brain has also the ability to synthesize 3*α*,5*α*-THP*de novo* from cholesterol \[[@B26]\] under physiologic as well as pharmacological conditions \[[@B27], [@B28]\]. However, the time course of the changes in concentrations differs substantially between progesterone and its metabolite 3*α*,5*α*-THP; the concentration of progesterone in the cerebral cortex and hippocampus, like that in plasma, peaks on day 15 of pregnancy (P15), reaching values that result 12 and 10 times higher than those measured during estrus, respectively, remaining substantially increased at P19; on the other hand, the concentrations of 3*α*,5*α*-THP in the same brain regions do not peak until P19 (208% and 194% increase in the cerebral cortex and hippocampus, resp.).

At P21, the concentrations of both progesterone and 3*α*,5*α*-THP in the brain and plasma drop down to values typical of estrus and do not change during the first 7 days after delivery \[[@B25]\]. Furthermore, also the activity of 5*α*-reductase or 3*α*-hydroxysteroid dehydrogenase (both enzymes required for 3*α*,5*α*-THP synthesis starting from progesterone) in the brain during pregnancy might be crucial for the regulation of steroid levels. In this regard, 17*β*-estradiol has been shown to upregulate 5*α*-reductase \[[@B29]\] as well as 3*α*-hydroxysteroid dehydrogenase activity \[[@B15]\] in the rat brain.

Thus, given that 3*α*,5*α*-THP modulates positively the function of GABAARs \[[@B30], [@B31]\], subsequent studies were undertaken to determine whether the physiological fluctuations of neuroactive steroids that occur during pregnancy and after delivery might also influence the expression of various subunits of both synaptic and extrasynaptic GABAARs in rat brain.

3. Expression and Function of GABAARs during Pregnancy and Postpartum Period {#sec3}
============================================================================

Our laboratory has recently studied the relationship between changes in neuroactive steroids and expression of GABAAR subunits during pregnancy and after delivery in rats, comparing the data with the basal levels measured during the estrus of estrous cycle, where the levels of pregnane steroids are low \[[@B32]\].

*GABAAR γ2 Subunit*. In the hippocampus, the *γ*2 subunit is mainly expressed in the strata oriens and radiatum of both CA1 and CA3 subregions, in the stratum lacunosum-moleculare of CA1, and in the granule cell layer of the dentate gyrus of rats in estrus. The immunoreactivity for the *γ*2 subunit of the GABAAR in rat brain decreases progressively during pregnancy \[[@B25], [@B33]\] ([Figure 1](#fig1){ref-type="fig"}). The amount of this subunit remained unchanged until P10 was reached but was significantly reduced (by \~30%) between P15 and P19 when compared with the level apparent in control rats evaluated during estrus. In contrast, after delivery, by postnatal day 2 (PND2), the amount of the *γ*2 subunit was increased and returned to the estrus level at PND7 \[[@B20], [@B25], [@B33]\]. All these changes appeared similar in both the CA1 subregion and dentate gyrus (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}). Similar to the hippocampal formation, in the cerebral cortex of pregnant rats, the *γ*2 subunit goes through alike changes. Parallel to these changes, muscimol-induced Cl^−^ uptake and the potentiating effects of diazepam and 3*α*,5*α*-THP on muscimol-induced Cl^−^ uptake were also reduced during pregnancy while they were markedly increased after delivery \[[@B25], [@B33]\], returning to control values within 7 days of postnatal life.

*GABAAR α4 Subunit*. The characterization of the *α*4 subunit expression pattern revealed that this subunit appears to be distributed diffusely throughout the hippocampal formation of rats. In female rats during estrus, it is particularly abundant in the granule cell layer of the dentate gyrus and in the CA1 pyramidal cell layer as indicated by both mRNA and immunostaining evaluations \[[@B34]\]. In contrast to what was observed for the *γ*2 subunit, the immunoreactivity for the *α*4 subunit is unchanged in both hippocampus (Figures [1(c)](#fig1){ref-type="fig"} and [1(d)](#fig1){ref-type="fig"}) and cerebral cortex of pregnant rats \[[@B25], [@B33], [@B34]\] but it undergoes a marked increase right after delivery in the dentate gyrus granule cell layer and in the CA1 subregion of the hippocampus (Figures [1(c)](#fig1){ref-type="fig"} and [1(d)](#fig1){ref-type="fig"}) \[[@B34], [@B35]\].

*GABAAR δ Subunit*. As described for the *α*4 subunit, moderate levels of immunoreactivity for the *δ* subunit have been reported throughout different regions of the hippocampal formation of rats during estrus, but it appeared mainly expressed in the granule cell layer as well as in the molecular layer of the dentate gyrus \[[@B34], [@B36]\]. During pregnancy and, particularly, between P15 and P21, the *δ* subunit immunoreactivity increased progressively in the dentate gyrus but also in CA1 subregion when compared with rats in estrus \[[@B34]\]. After delivery, there is reduction of the expression of the *δ* subunit that is still apparent 7 days after delivery in the granular and molecular layers of the dentate gyrus as well as in the CA1 subregion \[[@B34]\].

4. GABAAR-Mediated Phasic Inhibition during Pregnancy and Postpartum Period {#sec4}
===========================================================================

All the changes in GABAAR expression observed during pregnancy and postpartum period in rats are expected to reflect parallel modifications in the function of both synaptic and extrasynaptic GABAARs. To further assess such possibility, we studied phasic GABAergic inhibition by electrophysiological voltage-clamp recordings in granule cells of the dentate gyrus, evaluating the spontaneous inhibitory postsynaptic currents (sIPSCs).

During pregnancy (P15, P19) and 2 days after delivery, the basal kinetic properties, such as amplitude, decay time, area, and frequency, of IPSCs recorded from dentate gyrus granule cells were not significantly different from those detected in rats in estrus \[[@B34]\]. In a separate set of experiments, we evaluated whether pregnancy or delivery might affect the sensitivity of synaptic GABAARs to the action of various allosteric modulators such as neuroactive steroids and benzodiazepines. Perfusion of 3*α*,5*α*-THP (1 *μ*M) caused a marked increase in the decay time constant, amplitude, and area of GABAAR-mediated sIPSCs but this effect did not differ between rats tested at P19 and those recorded during estrus \[[@B34]\]. Also the modulatory effect of the benzodiazepine lorazepam (3 *μ*M) was slightly reduced, without reaching statistical significance, in rats at P19 compared with those in estrus. The increased expression of the *α*4 and *γ*2 subunits of the GABAAR in the hippocampus 2 days after delivery could promote a parallel increase in function of GABAAR containing those subunits. We thus tested the action of Ro15-4513 on sIPSCs in granule cells of the dentate gyrus. The pharmacological profile of Ro15-4513 is very much influenced by the subunit composition; this drug is an inverse agonist on GABAAR formed by *α*1, *α*2, *α*3, or *α*5 subunit together with the *β* and *γ*2 subunit \[[@B1]\], but it behaves as a positive modulator in receptors formed by *α*4, *β*, and *γ*2 subunits \[[@B37], [@B38]\]. In our experiments, Ro15-4513 (3 *μ*M) reduced the decay time constant of sIPSCs in granule cells of rats in estrus or at P19, but it increased this parameter in granule cells of rats when tested 2 days after delivery, with the increased expression of the *α*4 subunit at this time \[[@B34]\].

5. GABAAR-Mediated Tonic Inhibition during Pregnancy and Postpartum Period {#sec5}
==========================================================================

As mentioned in the previous section, in addition to synaptic GABAARs, which are responsible for phasic inhibition, granule cells of the dentate gyrus in adult rats express a high concentration of extrasynaptic receptors that are formed mainly by the combination of *α*4, *β* ~*n*~, and *δ* subunits \[[@B39]\], which are the first candidate for the tonic conductance of GABAergic inhibition in this cell population. Other reports highlighted the presence of a small population of extrasynaptic receptors formed by *α*1, *β* ~*n*~, and *δ* that are selectively localized onto GABAergic interneurons in the molecular layer of the dentate gyrus \[[@B3]\] or formed by *α*5 subunit, which are present in the CA1/CA3 region and dentate gyrus \[[@B4], [@B36], [@B40]\].

This peculiar mechanism of the GABAergic inhibition plays a key role in those physiological conditions, such as pregnancy and postpartum period, where GABAAR subunits, implicated in the mediation of tonic current, undergo marked change in expression. We recorded GABAergic tonic currents in granule cells of the dentate gyrus in hippocampal acute slices \[[@B34]\]. Bath application of GABA (5 *μ*M) for 5 min stimulates high-affinity extrasynaptic GABAARs increasing the current noise variance and the negative shift in the holding current with respect to baseline. This effect is evident in slices from rats in estrus although, consistent with the increase in the expression of the *δ* subunit during pregnancy, we found that the effect of GABA on tonic current parameters is greater when this agonist is perfused in slices from pregnant rats at P15, and it reaches a maximal effect at P19 before returning to control values 2 days after delivery (Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}). In addition, the sensitivity of extrasynaptic GABAARs to 3*α*,5*α*-THP (1 *μ*M) resulted more pronounced during the late pregnancy compared to estrus \[[@B34]\] (Figures [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}).

6. Change in GABAergic System during Pregnancy and Postpartum Period: Implication for Humans {#sec6}
============================================================================================

To date, only few studies have focused on understanding the neurochemical mechanisms underlying psychological female status during pregnancy and postpartum period, with particular regard to modifications related to GABAergic inhibition. Hormonal fluctuations may play a key role in controlling mood states in pregnant woman. Several authors suggest that prenatal mood may predict postnatal depression \[[@B42], [@B43]\] and there is a frequent association between pregnancy-related depressive mood and early gestational age, low birth weight, and premature delivery \[[@B44], [@B45]\]. During pregnancy, placental tissue synthesizes a large amount of progesterone which exerts both peripheral and central actions. At peripheral level, its action is directed towards reducing maternal immune response \[[@B46]\] and counteracting myometrial contractility \[[@B47]\]. As mentioned previously in this review, the principal effect of progesterone at central level is to interact with GABAARs through its active metabolites that, acting at this level, can regulate a variety of psychological phenomena, including anxiety, sleep, depression, and seizures \[[@B48]--[@B50]\]. Although the metabolic pathways of neuroactive steroids and their pronounced modulatory action are well known, only a limited number of investigations have been published that are concerned with the understanding of the effect of their fluctuation during pregnancy and after delivery. For example, while the increase of 3*α*,5*α*-THP levels during pregnancy was observed with no apparent correlation with mood status of pregnant women \[[@B21], [@B22]\], a direct relationship between intensity of depression and increase of some neuroactive steroid derivatives during pregnancy was suggested \[[@B51]\]. In addition, such modifications were identified in different pathophysiological disorders where the increased seizure susceptibility and anxiety represent a common aspect. The available literature of the last 20 years concerning pregnant women with epilepsy (WWE) reveals an increase in seizure frequency \[[@B52]\] which proves, in part, the complex correlation between pregnancy and epilepsy-related seizures. Conversely, other research groups suggest that pregnancy has variable effects on seizure frequency \[[@B53]--[@B56]\].

All these lines of evidence suggest that peripartum period in women could be correlated at least in part to parallel modifications in steroids levels as well as GABAergic system and its components, but some of these alterations need a more deep evaluation in order to find a clear correlation between these aspects and more specific drug treatment needed to counteract some drastic changes in mood during pregnancy and postpartum period.

7. Conclusions {#sec7}
==============

The data reported in this review describe the changes in expression and function specific GABAARs in the rat brain during pregnancy and postpartum period. Our data, together with results from other studies \[[@B25], [@B33], [@B34], [@B57]--[@B59]\], support the idea that the fluctuations of neuroactive steroid, during such critical periods, are causally related to the observed GABAAR plasticity.

The marked increase of 3*α*,5*α*-THP in the brain that occurs mainly in the late phase of pregnancy (P15--P19) is associated with parallel downregulation of the *γ*2 subunit of the GABAAR in the cerebral cortex and hippocampus \[[@B25], [@B33]\]. Furthermore, this decrease in *γ*2 subunit does not support the change in synaptic GABAAR function in individual granule cells of the dentate gyrus, evaluated by whole-cell patch-clamp recording \[[@B34]\]. The latest finding may suggest that decrease in pools of receptors containing the *γ*2 subunit does not influence significantly the changes in synaptic inhibition, at least onto dentate gyrus inhibitory synapses. In agreement with this evidence, expression of gephyrin, a scaffold protein involved in the assembly of synaptic GABAAR clusters and in the plasticity of synaptic receptors, resulted unchanged during pregnancy and after delivery \[[@B60]\] even though the expression of the *γ*2 subunit is reduced \[[@B25], [@B33]\]. In addition, no significant changes in abundance of other GABAAR subunits mRNA, such as *α*1, *α*2, *α*3, *β*1, *β*2, and *β*3, were detected in the same brain region during pregnancy or after delivery \[[@B25], [@B33]\], suggesting that the modification of the GABAergic system during pregnancy and postpartum period is mainly directed to extrasynaptic receptors in the hippocampus.

Maguire and colleagues also reported downregulation of the *γ*2 subunit during diestrus of the menstrual cycle with no changes in synaptic currents recorded in granule cells of the dentate gyrus \[[@B57]\]. On the other hand, GABAARs involved in the tonic current as well as the subunit directly responsible for such conductance, such as *α*4 and *δ* subunits, undergo pronounced changes during pregnancy and/or after delivery.

We have shown that late pregnancy is associated with upregulation of the *δ* subunit of the GABAAR accompanied with an increase of tonic currents mediated by extrasynaptic GABAARs in granule cells of the dentate gyrus. Such increase in GABAergic tonic inhibition at P19 may be crucial to counteract the increased excitability and anxiety levels peculiar of the final phase of pregnancy immediately before parturition \[[@B61]--[@B63]\]. We also found that expression of the *α*4 subunit of the GABAAR in the hippocampus did not change during pregnancy but increased markedly after delivery where levels of *δ* subunits are still high. Interestingly, a similar pattern of changes of the *α*4 subunit is similar during prolonged treatment and subsequent withdrawal of neuroactive steroids in pharmacological studies \[[@B64]--[@B67]\], suggesting that modifications in *α*4 subunit expression may reflect a sudden decrease of neuroactive steroids which may exert their anxiolytic effect during late pregnancy. Thus, during the late phase of pregnancy, an increased density of extrasynaptic *α*4*βδ* receptors with a parallel increase of tonic currents may be important as a mechanism for balancing the physiologic increase of excitability.

Conversely, the postpartum period is characterized by a receptor switch with an increased surface expression of *α*4*βγ*2 receptors that may determine reduction in GABAergic inhibition (presumably due to their faster kinetics) and enhanced neuronal excitability with a parallel increase on anxiety levels \[[@B65], [@B66], [@B68]\]. Our results differ from those described in the study by Maguire and Mody, where the expression of both *γ*2 and *δ* subunits in the hippocampus was decreased at P18 compared with that in virgin mice in diestrus \[[@B69]\]. This inconsistency of results may depend on the different species studied and diverse experimental conditions.

In addition, a recent study has suggested that pregnancy can be related to perturbations in *γ* oscillations in the hippocampus through a direct effect on GABAergic synapses onto specific parvalbumin interneurons expressing GABAAR containing the *δ* subunit \[[@B70]\].

All these results provide further evidence of the notion that both expression and function of GABAARs in the brain are regulated during pregnancy and immediately after delivery in response to the marked fluctuations in the brain levels of neuroactive steroids. The high sensitivity of receptors containing the *δ* subunits towards the action of endogenous compounds such as 3*α*,5*α*-THP \[[@B13], [@B71], [@B72]\] may support the change in expression of this subunit. Moreover, the expression of *δ* subunit is accompanied by similar and parallel changes in *α*4 subunit \[[@B57], [@B64]--[@B66], [@B73]--[@B75]\] that make GABAARs responsible for tonic inhibition.

The *α*4 subunit is able to form receptors with either *δ* or *γ*2 subunits \[[@B76]\] which are characterized by different function, pharmacology, and synaptic location. During pregnancy, there is an increased expression of the *δ* subunit with an enhanced function of extrasynaptic GABAAR apparent in granule cells of the dentate gyrus, while there is a parallel decrease in the expression of the *γ*2 subunit, with no change in that of the *α*4 subunit. These concomitant events suggest that during pregnancy an increase of *α*4*βδ* is accompanied by a parallel decreased assembly of *α*4*βγ*2 receptors, a pattern similar to that occurring during the ovarian cycle \[[@B57]\]. Consistent with the nature of pregnancy and associated mood states, it is conceivable that a possible role for these events could be that an increase in *α*4*βδ* may be related to an increase in inhibition, while an increase in *α*4*βγ*2 could be associated with an increase in anxiety. A fundamental role in the production of neuroactive steroids and their fluctuations during physiological periods such as pregnancy is played by the enzymes involved in their synthesis. Finasteride, which prevents the synthesis of 3*α*,5*α*-THP through the blockade of 5*α*-reductase, one of the enzymes involved in the synthesis of the 3*α*,5*α*-THP, was used to clarify the effect of neuroactive steroids in the plasticity of GABAARs during pregnancy and after delivery \[[@B25], [@B77], [@B78]\]. Finasteride, administered to pregnant rats, prevented both the downregulation of *γ*2 subunit and the upregulation of *δ* subunit observed in the dentate gyrus and CA1 region at P19 \[[@B25], [@B33], [@B34]\]. Parallel to these observations, the increase of tonic currents at P19 was also significantly inhibited by finasteride treatment \[[@B34]\]. In contrast, finasteride had no effect on the kinetic properties of GABAergic sIPSCs in granule cells of rats at P19.

The lines of evidence summarized in this review suggest that alterations in the GABAergic system, such as modification of specific subunits and the altered function of certain GABAARs, may result in altered synaptic transmission.

All these findings may prompt future studies directed to increase the knowledge about the physiological alteration of inhibitory synaptic transmission observed in animal models of pregnancy and postpartum period that, in turn, may contribute further to the understanding of the neurochemical changes to the peripartum period in women.

Conflict of Interests
=====================

The authors declare that there is no conflict of interests regarding the publication of this paper.

![Changes in immunoreactivity for different subunits of the GABAAR in the rat hippocampus during pregnancy and after delivery. Scatter plot relative to immunoreactivity quantification of different GABAAR subunits (*γ*2, *α*4, and *δ*) evaluated in the hippocampal CA1 subregion (left panels) and dentate gyrus (right panels) during pregnancy and after delivery. Adapted from Sanna et al., 2009 \[[@B34]\].](NP2015-170435.001){#fig1}

![Changes in GABAergic tonic current in granule cells of the dentate gyrus during pregnancy and after delivery. (a) Representative traces (left) and all-point histogram (right) relative to GABAergic currents recorded in the whole-cell mode from granule cells of the dentate gyrus of hippocampal slices isolated from rats in estrus, at day P15 or P19, or at pp2. The effect of GABA (5 *μ*M) and bicuculline (30 *μ*M) is reported. Calibration: 50 pA, 2 min. (b, c) Bar graphs summarizing the changes in noise variance (b) and holding current (c) induced by the application of exogenous GABA in experiments similar to those shown in (a). Adapted from Sanna et al., 2009 \[[@B34]\].](NP2015-170435.002){#fig2}

![Modulatory action of 3*α*,5*α*-THP on tonic GABAergic current in granule cells of the dentate gyrus during pregnancy. (a) Representative traces (left) and all-points histogram (right) of GABAergic currents recorded from granule cells in hippocampal slices from rats in estrus or at P19. The effect of 3*α*,5*α*-THP (1 *μ*M) and bicuculline (30 *μ*M) is reported. (b) Bar graph summarizing the percentage changes in noise variance (left*y*-axes) and holding current (right*y-*axes) induced by 3*α*,5*α*-THP in experiments similar to those shown in (a). Adapted from Sanna et al., 2009 \[[@B34]\].](NP2015-170435.003){#fig3}
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